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Mitochondria are key organelles in the maintenance
of cellular energy metabolism and integrity. Here,
we show that mitochondria number decrease but
their size increase in orexigenic agouti-related pro-
tein (Agrp) neurons during the transition from fasted
to fed to overfed state. These fusion-like dynamic
changes were cell-type specific, as they occurred
in the opposite direction in anorexigenic pro-opio-
melanocortin (POMC) neurons. Interfering with mito-
chondrial fusion mechanisms in Agrp neurons by
cell-selectively knocking down mitofusin 1 (Mfn1) or
mitofusin 2 (Mfn2) resulted in altered mitochondria
size and density in these cells. Deficiency in mitofu-
sins impaired the electric activity of Agrp neurons
during high-fat diet (HFD), an event reversed by
cell-selective administration of ATP. Agrp-specific
Mfn1 or Mfn2 knockout mice gained less weight
when fed a HFD due to decreased fat mass. Overall,
our data unmask an important role for mitochondrial
dynamics governed by Mfn1 and Mfn2 in Agrp neu-
rons in central regulation of whole-body energy
metabolism.
INTRODUCTION
Maintenance of energy metabolism is a fundamental homeo-
static function to sustain life from single cells to complex organ-
isms. In eukaryotes, mitochondria are key organelles that allow
efficient energy production through the respiratory chain to sus-
tain biological reactions. Mitochondria are complex organelles
organized in intricate intracellular networks. Highly dynamic,
these organelles respond to changes in the cellular environment
and adapt their morphology and location to optimize cell func-
tion. As early as 1914, dynamic changes in mitochondria shape
and distribution were described (Lewis and Lewis, 1914). More
recently, it was shown that mitochondria shape, morphology
and number are tightly regulated by the processes of fusion
and fission (Cerveny et al., 2007). Numerous molecules have188 Cell 155, 188–199, September 26, 2013 ª2013 Elsevier Inc.been discovered to participate in these processes, with mitofu-
sins (Mfn1 and Mfn2) (Chen et al., 2003; Eura et al., 2003; Ishi-
hara et al., 2004; Rojo et al., 2002; Santel and Fuller, 2001)
and optic atrophy-1 (OPA1) (Cipolat et al., 2004; Song et al.,
2009) as main players to drive fusion and dynamin-related pro-
tein-1 (Drp1) leading to fission (Reddy et al., 2011; Smirnova
et al., 1998).
Complex organisms must also coordinate whole-body energy
balance with that of cellular energetics. In mammals, the hypo-
thalamus located in the basal part of the brain plays a critical
role in orchestrating whole-body energy homeostasis (Dietrich
and Horvath, 2009). More specifically, a subset of neurons
located in the arcuate nucleus of the hypothalamus that pro-
duces agouti-related peptide (Agrp) and neuropeptide-Y (NPY)
(Broberger et al., 1998; Horvath et al., 1997; Ollmann et al.,
1997) exerts a fundamental role in the promotion of feeding
(Chen et al., 2004; Clark et al., 1984; Zarjevski et al., 1993).
The NPY/Agrp neurons (thereof Agrp neurons) are special in
that their activity must be at the highest level, when the whole
body is lacking sufficient energy, such as food deprivation or
fasting (Hahn et al., 1998; Kohno et al., 2008; Sternson et al.,
2005; Takahashi and Cone, 2005; Yang et al., 2011). Located
in the vicinity of Agrp neurons, there is another population of cells
that produce pro-opiomelanocortin (POMC neurons) and exert
an opposite function (Aponte et al., 2011; Cone, 2005). Because
mitochondria-related genes have been tied to Agrp neurons and
their functioning (Andrews et al., 2008; Coppola et al., 2007;
Horvath et al., 1999), here we analyzed mitochondria dynamics
in orexigenic Agrp neurons during various metabolic states and
assessed the role of Mfn1 and Mfn2 in these processes.
RESULTS
Mitochondria in Agrp Neurons
Mitochondria fusion and fission are the two main processes
involved in mitochondria dynamics (Figure 1A) (Cerveny et al.,
2007). The proteins involved in such processes, as for example
mitofusins (Eura et al., 2003), are broadly expressed throughout
mammalian tissues (Rojo et al., 2002; Santel et al., 2003).
To study mitochondria changes in Agrp neurons, we used
electron microscopy to identify single cells and analyze
mitochondria shape and morphology (Figures 1B and 1C). In
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Figure 1. Mitochondria Dynamics in the
Orexigenic Agrp Neurons
(A) Mitochondria fusion and fission are multistep
mechanisms that participate in mitochondria
dynamics.
(B) Agrp neuron labeled using immunohisto-
chemistry and prepared for electron microscopy.
(C) Labeled mitochondria profiles in a stained Agrp
neuron.
(D and E) Tethering mitochondria (D) and
outer mitochondria membrane fusion (E) in Agrp
neurons.
(F) NPY-GFP cells in the arcuate nucleus were
captured using glass pipettes and utilized for RT-
PCR of genes involved in mitochondrial dynamics
(mean ± SEM). n = 32 cells/mouse, 3–4mice/gene.NPY-tau-sapphireFPmice (Pinto et al., 2004), Agrp neurons (Fig-
ure 1B) contain numerous elliptical mitochondria, slightly elon-
gated (Figure 1C), similar to the mitochondria in their neighbors
POMC cells (Schneeberger et al., 2013 [this issue of Cell]). We
observed mitochondria tethering in Agrp neurons (Figures 1A
and 1D), whereby the outer membranes of mitochondria are in
contact in a process dependent of numerous protein complexes,
including mitofusins (Chen et al., 2003; Ishihara et al., 2004; Rojo
et al., 2002). We also detected fusion of the outer membranes of
mitochondria in Agrp neurons (Figure 1E). We confirmed the
presence of transcripts of genes involved in mitochondria
fusion-fission in Agrp neurons utilizing individual cell capture
real-time PCR (Figure 1F). These included mfn1, mfn2, and
opa1, involved in mitochondria fusion; also, we detected expres-
sion of drp1, involved in fission (Figure 1F).
Metabolic Status Modifies Mitochondria in Agrp
Neurons
To analyze the effect of metabolic status on mitochondria of
Agrp neurons, first, we analyzed the response of these neurons
to food deprivation. Twenty-four hours of food deprivation
increased mitochondria density in Agrp neurons (Figure 2A)
(Coppola et al., 2007), but not mitochondria coverage of the
cellular (data not shown) or cytosolic areas (Figure 2B). The in-
crease in mitochondria number (Figure 2A) was accompanied
by a decrease in mitochondria size (Figure 2C). The shape of
mitochondria in the Agrp neurons was not changed after food
deprivation (Figure 2D). Thus, these data indicate that food
deprivation leads to an increase in mitochondria density and a
decrease in mitochondria size in Agrp neurons, which are char-
acteristic of changes in mitochondria dynamics toward fission
(Figures 2I and 2K). The effect of food deprivation on mitochon-
dria dynamics appears to be cell-population specific, as otherCell 155, 188–199, Seneuronal cells showed different response.
Neighboring, anorexigenic POMC cells
presented a decrease in mitochondria
density and coverage, without changes
in mitochondria morphology (Figure S1
available online).
Next, we determined whether high-fat
feeding impacts mitochondria dynamicsin Agrp neurons. Even though mice fed a high-fat diet (HFD)
have decreased levels of npy and agrp mRNA in the arcuate
nucleus (data not shown) (Horvath et al., 2010), we found that
Agrp neurons are highly active under these conditions as
assessed by electrophysiology (Diano et al., 2011), and they
exert a stronger inhibitory tone on POMC neurons compared
to normal chow-fed mice (Newton et al., 2013). High-fat feeding
decreased mitochondria density (Figure 2E) and coverage (Fig-
ure 2F) in Agrp neurons. These changes occurred concurrently
with significant increases in mitochondria size (Figure 2G) and
elongation (Figure 2H). The constellation of modifications in
mitochondria morphology and density that occurred after
high-fat feeding in the Agrp neurons is indicative of increased
fusion under such metabolic conditions (Figures 2J and 2K).
Again, these changes were cell-type specific because they did
not occur in POMC neurons (data not shown) (Diano et al.,
2011; Schneeberger et al., 2013). Taken together these observa-
tions suggest that food deprivation leads to mitochondria
fission, whereas high-fat feeding leads to mitochondria fusion
in Agrp neurons (Figure 2K).
Mitofusins in Agrp Neurons Regulate Mitochondria
Shape and Size
Using cell-specific ribosome profiling (Sanz et al., 2009), we
analyzed the levels ofmfn1 andmfn2mRNA bound to ribosomes
in Agrp neurons from fed, fasted, and HFD-fed mice. We were
unable to find significant differences in these transcripts among
the groups analyzed (Figure S2). To further interrogate the role of
mitofusins in the cellular changes that occur in the Agrp neurons,
we generated mice that lacked Mfn1 or Mfn2 in these cells
(Agrp-Mfn1/ and Agrp-Mfn2/ mice).
Agrp neurons from Agrp-Mfn1/ mice did not present major
changes in mitochondria parameters under normal chow dietptember 26, 2013 ª2013 Elsevier Inc. 189
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Figure 2. Mitochondria Fusion-Fission in Agrp Neurons Varies with Metabolic Status
(A–D)Mitochondria density (A), andmitochondria coverage (B) in Agrp neurons from fed and 24 hr food deprived (FD) mice. (C) Cumulative probability distribution
of cross-sectional mitochondria area in Agrp neurons of fed and FD mice; insert, relative change in mean mitochondria area between fed and FD mice. (D)
Cumulative probability distribution of the aspect ratio (AR) of mitochondria in Agrp neurons; insert, relative changes in mean AR between fed and FD mice.
n (fed) = 527 mitochondria/19 cells/4 mice; n (FD) = 729 mitochondria/21 cells/4 mice.
(E–H) Differences in mitochondria parameters between mice fed normal chow diet (ND) and those fed a HFD are similar to (A)–(D). n (ND) = 629 mitochondria/18
cells/3 mice; n (HFD) = 417 mitochondria/18 cells/3 mice.
(I) Representative electron micrographs of mitochondria profiles in Agrp neurons from fed and FD mice.
(J) Similar to (I), mitochondria labeled in Agrp neurons of mice fed ND or a HFD.
(K) Schematic showing the transition from negative energy balance to positive energy balance, and the concomitant changes in mitochondria fusion-fission.
All mice were male.
Scale bars, mean ± SEM. Symbols represent individual values. *p < 0.05, ***p < 0.001. See also Figures S1 and S2.conditions (Figures 3A–3C), besides a decrease in mitochondria
aspect ratio (Figures 3D and 3I), which indicates a more rounded
shape of mitochondria in the Mfn1/ cells. In Agrp-Mfn2/
mice, the number of mitochondria was unaltered (Figure 3E),
even though there was an increase in mitochondria coverage
of cellular and cytosolic compartments (Figure 3F). This increase
in coverage was due to an increase in mitochondria size
in Mfn2/ neurons (Figures 3G and 3J). The changes in size
were not accompanied by changes in shape (Figures 3H and
3J). Thus, lack of Mfn1 in the Agrp neurons led to changes
in mitochondria shape, whereas lack of Mfn2 led to changes
in mitochondria size.190 Cell 155, 188–199, September 26, 2013 ª2013 Elsevier Inc.Lack of Mitofusins Does Not Lead to Agrp Neuronal
Degeneration or Altered Projections
In some cells types, knockdown of mitofusin proteins led to
neuronal cell death (Jahani-Asl et al., 2007). We counted the
number of Agrp neurons in the arcuate nucleus from littermate
control mice and Agrp-Mfn1/ or Agrp-Mfn2/ adult mice
and we did not find any evidence of neuronal cell death
(data not shown). We also did not find any changes in
nuclear and cell sizes (data not shown). We did not find
changes in gene expression for npy, agrp and pomc in the hypo-
thalamus of Agrp-Mfn1/and Agrp-Mfn2/ mice (Figure S5).
We measured Agrp neuronal projections in control and
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Figure 3. Role of Mfn1 and Mfn2 in Mitochondria Morphology in Agrp Neurons from Normal Chow-Fed Mice
(A and B) Mitochondria density (A), and mitochondria coverage (B) in Agrp neurons from littermate control and Agrp-Mfn1/ mice.
(C) Cumulative probability distribution of cross-sectional mitochondria area in Agrp neurons of control and Agrp-Mfn1/ mice; insert, relative change in mean
mitochondria area.
(D) Cumulative probability distribution of the aspect ratio (AR) of mitochondria in Agrp neurons; insert, relative changes in mean AR. n (Control) = 1,329 mito-
chondria/42 cells/3 mice; n (Mfn1/) = 1,228 mitochondria/35 cells/4 mice.
(E–H) Similar to (A–D), the data describe mitochondria density and morphology in Agrp-Mfn2/ mice. n (Control) = 1,565 mitochondria/49 cells/9 mice; n
(Mfn2/) = 728 mitochondria/21 cells/4 mice.
(I and J) Representative electron micrographs of mitochondria profiles in Agrp neurons from (I) Agrp-Mfn1/ mice and (J) Agrp-Mfn2/ mice. Data are pooled
from both male and female.
Scale bars, mean ± SEM. Symbols represent individual values. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3.Agrp-Mfn1//Agrp-Mfn2/ mice, and we did not find any sta-
tistical difference between these groups of mice (Figure S3).
Importantly, the intensity of Agrp staining on fiber terminals did
not differ between groups, indicating that the content of neuro-
peptides in Agrp-Mfn1//Agrp-Mfn2/ neurons was intact
(Figure S3).
Because Mfn2 has also been related to mitochondria-ER
interactions, and not only mitochondria-mitochondria fusion,
we measured the amount of contacts between mitochondria
and ER in control and Mfn2/ neurons. We did not find any
differences in mitochondria-ER connections (control = 1.00 ±
0.07, n = 50; Mfn2/ = 0.96 ± 0.09, n = 23; relative units –t71 = 0.25, p > 0.05) suggesting Mfn2 in Agrp neurons
does not play a critical role in this organelle interaction.
Because knockout of Mfn2 in POMC neurons in the hypo-
thalamus leads to hypothalamic ER stress (Schneeberger
et al., 2013), we analyzed ER-stress-related genes in the hypo-
thalami of control and Agrp-Mfn2/ mice, and we found no
significant differences (Figure S3). These findings are in agree-
ment with the lack of morphological evidences of ER stress in
Agrp-Mfn2/ cells (Figure 3J). We also analyzed the ex-
pression of ER-stress-related genes in Agrp-Mfn1/ mice,
and we found no differences compared to control mice
(Figure S3).Cell 155, 188–199, September 26, 2013 ª2013 Elsevier Inc. 191
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Figure 4. Mfn1 and Mfn2 in Agrp Neurons Critically Regulate Mitochondria Fusion in Response to HFD
(A and B) Mitochondria density (A), and mitochondria coverage (B) in Agrp neurons from littermate control and Agrp-Mfn1/ mice fed a HFD.
(C) Cumulative probability distribution of cross-sectional mitochondria area in Agrp neurons of control and Agrp-Mfn1/ mice; insert, relative change in mean
mitochondria area.
(D) Cumulative probability distribution of the aspect ratio (AR) of mitochondria in Agrp neurons; insert, relative changes in mean AR. n (Control) = 333 mito-
chondria/15 cells/3 mice; n (Mfn1/) = 1363 mitochondria/44 cells/3 mice.
(E–H) Similar to (A–D), the data describe mitochondria density and morphology in Agrp-Mfn2/ mice. n (Control) = 601 mitochondria/27 cells/4 mice; n
(Mfn2/) = 579 mitochondria/20 cells/5 mice. Data are pooled from both male and female mice.
Scale bars, mean ± SEM. Symbols represent individual values. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3.Mfn1 and Mfn2 Deletion in Agrp Neurons Impairs
Cellular Response to a HFD
Next, we determinedwhether Agrp-Mfn1//Agrp-Mfn2/mice
have altered cellular and metabolic responses to a HFD. Agrp-
Mfn1/ andMfn2/ neurons frommice fed a HFD had increase
mitochondria number (Figures 4A and 4E) and mitochondria
coverage (Figures 4B and 4F) when compared to neurons from
control mice fed the same diet. Whereas Agrp-Mfn1/ neurons
show mitochondria of similar size (Figure 4C) but less elongated
(Figure 4D) compared to HFD-fed control mice, Agrp-Mfn2/
neurons had mitochondria of decreased size (Figure 4G), but
with similar shape (Figure 4H). It is important to note that wild-
type mice fed a HFD have increased mitochondria size accom-
panied by decreased mitochondria density in the Agrp neurons
(Figure 2). Both Agrp-Mfn1/ and Agrp-Mfn2/ neurons did
not present decreases in mitochondria density in response to
HFD, indicating a critical role for these proteins in HFD-induced
decreases in mitochondria density in Agrp neurons. Mfn1 was
also involved in changes in mitochondria shape (Figure 4D),
whereas Mfn2 was critical for changes in mitochondria size
that occurs during HFD (Figure 4G), an effect similar to what
we observed in normal chow-fed mice (Figure 3). Overall, the
constellation of changes that occur in Agrp neuronal mitochon-
dria during high-fat feeding was dependent, at least in part, of
the expression of both Mfn1 and Mfn2.192 Cell 155, 188–199, September 26, 2013 ª2013 Elsevier Inc.Similar to what we found in Agrp-Mfn1//Agrp-Mfn2/
mice fed a regular chow diet, mice fed a HFD also did not
present any changes in the Agrp fiber density in the PVN
(data not shown) and in the number of Agrp neurons in the
arcuate nucleus (data not shown). These data indicate that in
both normal chow and HFD conditions, there is no neuronal
loss in Agrp-Mfn1//Agrp-Mfn2/ cells. In addition, we also
quantified the levels of agrp, npy, and pomc mRNA in the
arcuate nucleus from these mice fed a HFD. Whereas we found
no differences in the levels of agrp and npy, we found a signif-
icant decrease in pomc levels in Agrp-Mfn2/ compared to
control mice (Figure S3). Agrp-Mfn1/ mice show no differ-
ences in the levels of these transcripts compared to control
mice (Figure S3). Similar to normal chow-fed mice, we did
not find any differences in mitochondria-ER connections
between control and Agrp-Mfn2/ neurons (control = 1.00 ±
0.06, n = 30; Mfn2/ = 0.86 ± 0.08, n = 30; relative units –
t58 = 1.407, p > 0.05). Gene expression analyzes of
ER-stress-related genes in the hypothalamus of either Agrp-
specific Mfn1 or Mfn2 knockout mice fed a HFD did not
show differences between groups (Figure S3). This set of
data emphasizes the lack of effect of Agrp-specific mitofusins
knockout in the propagation of ER-stress in the hypothalamus,
contrary to what was observed in POMC-specific Mfn2/ mice
(Schneeberger et al., 2013).
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Figure 5. Mitochondria Fusion Regulates the Electrical Activity of Agrp Neurons in Response to High-Fat Feeding
(A and E) In normal chow conditions, both control and Agrp-Mfn1/ or Mfn2/ neurons have similar frequency of action potential (AP) as recorded using slice
whole-cell recording.
(B and F) When mice were fed a HFD, Agrp-Mfn1/ or Mfn2/ neurons have decreased AP frequency compared to control cells.
(C and G) Percentage of silent Agrp neurons in control and Agrp-Mfn1/ or Mfn2/ mice fed a normal chow diet.
(D and H) In HFD, increased percentage of silent Agrp neurons in both Agrp-Mfn1/ and Agrp-Mfn2/mice compared to control mice (p < 0.05, Fisher’s test).
Data are pooled from both male and female mice.
Scale bars: mean ± SEM in (A), (B), (E), and (F); absolute values in (C), (D), (G), and (H). Representative traces are plotted in (A)–(B), (E)–(F). *p < 0.05. See also
Figure S4.Mfn1 and Mfn2 Regulate the Electric Activity of Agrp
Neurons during HFD
Next, we sought to determine whether Mfn1 and/or Mfn2 impact
the electrical properties of Agrp neurons. Using patch-clamp
electrophysiology recording, we measured the action potential
frequency of these neurons in mice fed a normal chow or a
HFD. Under normal chow diet, we did not find statistical differ-
ences in the mean firing rate of Agrp neurons from control and
Agrp-Mfn1//Agrp-Mfn2/ mice (Figures 5A and 5E). When
mice were fed a HFD, Agrp neurons from both Agrp-specific
knockout mice presented decreased firing rate when compared
to Agrp neurons from littermate control mice (Figures 5B and 5F).
Notably, in control mice, high-fat feeding decreased the number
of silent Agrp neurons (normal chow = 22.09% silent [19 in 86
cells], HFD = 8.42% silent [8 in 95 cells]; p = 0.012, Fisher’s exact
test). This adaptation in the electrical properties of Agrp neurons
in response to high-fat feeding was abolished in Agrp-Mfn1/
(Figures 5C and 5D) and Agrp-Mfn2/ (Figures 5G and 5H)
neurons, which showed an increase in number of silent Agrp
neurons when mice were fed a HFD.
Equalizing Intracellular ATP Level Rescues Electrical
Properties of Agrp-Mfn1/ and Mfn2/ Neurons
One possibility to explain the decrease in electrical activity of
Mfn1//Mfn2/Agrp neurons is misbalanced levels of ATP tosustain membrane potential (Vm) and firing activity due to disrup-
ted mitochondria function. To address this, we applied a patch-
clamp approach to influence intracellular ATP content and its
effect on neuronal activity (Liu et al., 2011). We used this indirect
approach because reliable techniques to measure intracellular
ATP levels in a cell-specific manner are still lacking. First, we
patched Agrp neurons and, after acquiring a gigaohm seal, we
analyzed these cells using perforated patch-clamp mode (Fig-
ure 6A). We then ruptured the patch membrane and switched
the recording to whole-cell mode (Figure 6B). After dialyzing
the intracellular content with pipette solution, the same neurons
were recorded and the differences between whole-cell and
perforated modes were compared. To avoid perforation of the
plasma membrane by antibiotics inside the cell after rupture of
the patch membrane, we substituted amphotericin-B by high
ATP (5mM) in the pipette solution. The data described in the pre-
vious section (Figure 5) were all recorded in perforated mode
with high ATP, and we have replicated those findings using
amphotericin-B (Figure S4). Dialyzing the neuron with pipette
solution allowed us to investigate the contribution of intracellular
ATP levels for the electrical activity of control and Mfn1//
Mfn2/ neurons.
Agrp-Mfn1/ and Agrp-Mfn2/ neurons from mice fed a
HFD showed decreased Vm during perforated patch-clamp
recording (Figures 6C and 6D), which is in agreement withCell 155, 188–199, September 26, 2013 ª2013 Elsevier Inc. 193
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Figure 6. Intracellular ATP Levels Determine Electrical Differences in Agrp-Mfn1/ and Agrp-Mfn2/ Neurons
(A and B) Schematic illustration(A) showing patch clamp recording utilizing perforated clamp with high ATP (5 mM) in the pipette solution or (B) traditional whole-
cell recording after patch membrane rupture.
(C) Membrane potential in control and Agrp-Mfn1/ neurons during perforated and whole-cell recordings.
(D) Similar to (C), data represent recordings from control and Agrp-Mfn2/ neurons.
(E) Firing rate of control and Agrp-Mfn1/ cells during perforated clamp and after patch rupture. Number of silent neurons is represented in parenthesis.
(F) Similar to (E), data represent recordings from control and Agrp-Mfn2/ neurons.
(G) Two representative traces to illustrate the electrical responses of Agrp neurons during perforated and whole-cell recordings. The cell on the top is silent during
perforated clamp, and becomes highly active after successful membrane rupture and whole-cell recording.
Scale bars, mean ± SEM. *p < 0.05, **p < 0.01.decreased firing rate of these neurons (Figures 5B and 5F).
Equalizing intracellular ATP levels by rupturing the patch mem-
brane increased Vm in all groups, and differences between
control and knockout cells were no longer observed (Figures
6C and 6D). The frequency of action potentials was also
increased after establishing whole-cell recording in most of the
neurons (Figures 6E–6G). Both Agrp-Mfn1/ and Agrp-Mfn2/
neurons showed increased response to dialysis as analyzed by
delta firing rate between perforated and whole-cell modes (Fig-
ures 6E and 6F). Additionally, most of the silent neurons recorded
became active when switched from perforated to whole-cell
recording (Figures 6E and 6F, red numbers). Overall, these
data indicate that mitofusin deficiency in Agrp neurons leads to
disruption in cellular ATP with consequent decreases in neuronal
electrical activity. However, these neurons (even when silent)
have intact cellular machinery to sustain cell activity when ATP
levels are restored using dialysis (Figure 6G).
Metabolic Adaptations in Agrp-Mfn1/ and
Agrp-Mfn2/ Mice
Agrp-Mfn2/ female mice gained less weight when fed ad
libitum normal chow diet (Figure S5). This decrease in body194 Cell 155, 188–199, September 26, 2013 ª2013 Elsevier Inc.weight compared to littermate control mice was mainly due to
decreases in fat mass, but not in lean mass and was not present
in males (Figure S5). This gender difference in fat mass after sub-
tle alteration of Agrp neuronal function was also observed after
deletion of sirtuin 1 from these cells (Dietrich et al., 2010).
Because many metabolic perturbations exhibit gender differ-
ences, our results point to the Agrp neurons as a possible site
where these unexplained sex differences arise. We were unable
to find differences in water intake, food intake, energy expendi-
ture and activity that could justify the changes in body weight
observed in Agrp-Mfn2/ female mice (Figure S5). We found
an increase in respiratory exchange ratio (RER) in Agrp-Mfn2/
female mice compared to control animals, which indicate an
increase in carbohydrate utilization related to fat acids as fuel
(Figure S5). This change in RER is in agreement with previous
reports showing that Agrp neurons are involved in nutrient
partitioning in mice (Joly-Amado et al., 2012). In addition,
Agrp-Mfn2/ female mice showed improved glucose clearance
during a glucose tolerance test (GTT) in two different cohorts of
mice (Figure S6) and higher sensitivity in an insulin tolerance test
(ITT) (Figure S6). In contrast, the changes in mitochondria
observed in the analyzes of Agrp-Mfn1/ mice (Figure 3)
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Figure 7. Metabolic Response of Agrp-Mfn1/ and Agrp-Mfn2/ Mice to Diet-Induced Obesity
(A) Body weight curve of control and Agrp-Mfn1/ male mice.
(B) Fat mass and (C) lean mass in the same animals as measured by MRI.
(D–F) Similar to (A–C), but data correspond to female mice.
(A–C) n = 25 (control) and n = 10 (Mfn1/); (D–F) n = 14 (control) and n = 10 (Mfn1/). (G–L) Similar to (A)–(F), data correspond to control and Agrp-Mfn2/mice
fed a HFD. (G–I) n = 19 (control) and n = 8 (Mfn2/); (J–L), n = 16 (control) and n = 13 (Mfn2/). In (A), (D), (G) and (J) symbols represent mean ±SEM; shadow lines
represent individual mouse body weight curve. Scale bars, mean ± SEM. *p < 0.05, **p < 0.01. See also Figures S5, S6, and S7.seem less critical to determine gross metabolic adaptations as
we were unable to find significant changes in many parameters
analyzed in these mice (Figures S5 and S6).
Mfn1 and Mfn2 in the Agrp Neurons Control Metabolic
Response to HFD
Next, we analyzed the metabolic responses of Agrp-Mfn1/
and Agrp-Mfn2/ mice to a HFD. Although male Agrp-Mfn1/
mice did not show significant differences in body weight gain
(Figure 7A), fat mass (Figure 7B), and lean mass (Figure 7C)
compared to control mice fed HFD, females from the same
genotype showed robust decrease in body weight (Figure 7D),
mainly due to decreases in fat mass (Figure 7E) but not lean
mass (Figure 7F). Both male and female mice that have the
Mfn2 gene deleted in the Agrp neurons gained less weight in a
HFD (Figures 7G and 7J). The decrease in body weight was
mainly due to decrease in fat mass (Figures 7H and 7K), but
not in lean mass (Figures 7I and 7L). These changes in fat
masswere accompanied by decreases in circulating leptin levels
(Figures S5, S6, and S7).
Agrp-Mfn1/ female mice fed a HFD showed slightly
decreased food intake during the dark cycle (Figure S7)
compared to the intake of littermate control mice, a finding that
was not observed in Agrp-Mfn2/ female mice (Figure S7).
The decrease in food intake in Agrp-Mfn1/ mice was accom-
panied by a significant decrease in energy expenditure
(Figure S7), without changes in global activity (Figure S7).
Agrp-Mfn2/animals did not show differences in energy expen-
diture and activity (Figure S7). Finally, Agrp-Mfn2/ male micefed a HFD showed improved glucose profile in a GTT (Figure S7),
similar to Agrp-Mfn2/ female mice fed a normal chow diet (Fig-
ure S6). Wewere unable to find any other major differences in the
other metabolic parameters analyzed (Figures S7).
Altogether, the above data indicate a critical role for mitochon-
dria fusion controlled by Mfn1 and Mfn2 in the Agrp neurons to
maintain appropriate gain in fat mass during periods of positive
energy balance.
DISCUSSION
Maintenance of energy homeostasis is critical for survival. In this
process, intracellular mechanisms of energy sensing must be
coupled to whole-body energy balance to maintain integrative
physiology of the organism. In support of this notion, here, we
present evidence for a critical role of mitochondrial dynamics
in hunger-promoting Agrp neurons during metabolic switches.
Cell-Specific Mitochondrial Dynamics in the
Melanocortin System
Most of the work on mitochondrial dynamics has been done in
in vitromodels. The difficulties of studyingmitochondria changes
in intact animals during physiological conditions preclude
in-depth analyzes of mitochondrial dynamics in heterogeneous
tissues, such as the brain. In addition, deep brain structures,
such as the hypothalamus, are less accessible to in vivo imaging
approaches adding an extra layer of difficulty to the study of such
phenomena in physiological conditions. We have applied
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disciplines for a long time (Wicksell, 1925, 1926) to estimate
changes in mitochondria in the adult mice hypothalamus. These
estimations of mitochondria density, size and morphology have
been applied to biological systems and have been shown to be
a reliable method to identify changes in mitochondria fusion
and fission (Haemmerle et al., 2011; Jheng et al., 2012; Posak-
ony et al., 1977; Rodrı´guez-Navarro et al., 2010; Weibel, 1969;
Weibel et al., 1966; Weibel et al., 1969). By counting mitochon-
dria profiles, we revealed changes that occur in these organelles
in specific neuronal populations of the melanocortin system in
physiologically relevant conditions. These findings are of note
because (1) they show a direct role of whole-body energy
balance in determining changes in mitochondria in discrete
neuronal populations in the adult brain; and (2) they highlight
the fundamental and cell-type-specific role that mitochondria
dynamics have in determining cellular adaptations to a changing
metabolic environment. These observations open new vista on
mitochondrial mechanisms that take place in distinct cell
populations in support of proper behavioral and autonomic
adaptations to the changing metabolic environment. Because
mitochondrial changes are implicated in other physiological pro-
cess, such as aging and hypoxia, we suggest that our findings
have broad implications for cellular adaptations in varying phys-
iological and pathological circumstances.
Contrary to other neuronal populations, for example the
Purkinje cells in the cerebellum (Chen et al., 2007) and the dopa-
mine cells in themidbrain (Lee et al., 2012; Pham et al., 2012), the
lack of neither Mfn1 nor Mfn2 in Agrp neurons led to degenera-
tion of neurons and/or axon fibers. These latter results unmask
that mitofusins may regulate different intracellular processes in
a cell-type-specific manner making generalization on the func-
tion of specific mitofusins less compelling than thought to date.
Mfn1 and Mfn2 in Agrp Neurons Are Involved
in Adaptation to Positive Energy Balance
A main finding of this report is the observation that positive
energy balance leads to mitochondria fusion in the Agrp neurons
regulated byMfn1 andMfn2. Our data indicate that mitochondria
fusion in these neurons during HFD is critical for determining
weight gain and fat deposition. It is important to note that several
other reports have linked the role of Agrp neurons with the regu-
lation of fat mass (Claret et al., 2007; Dietrich et al., 2010;
Joly-Amado et al., 2012; Krashes et al., 2011). Changes in fuel
availability and hormonal signals are likely key players in deter-
mining mitochondria adaptation in Agrp neurons and conse-
quent regulation of fat mass.
Impaired Mitochondria Fusion Silences Agrp Neurons
during HFD
We show here that the activity of Agrp neurons is altered during
HFD, with decreases in the number of silent neurons that indicate
an increase in the output of this neuronal population. Neurons
are highly energy demanding cells, utilizing the majority of
ATPs to maintain resting membrane potential and action poten-
tial rate (Attwell and Laughlin, 2001; Laughlin et al., 1998). Impair-
ment of mitochondrial fusion leads to disruption of cellular
energy metabolism (Bach et al., 2003; Guillet et al., 2011; Pich
et al., 2005). We presented indirect evidence for altered intracel-196 Cell 155, 188–199, September 26, 2013 ª2013 Elsevier Inc.lular levels of ATP in mitofusin-deficient Agrp neurons during
high-fat feeding that accounted for the electrical changes
observed. High concentration of intracellular ATP (5 mM) was
sufficient to rescue Agrp neurons from altered electrical activity.
This concentration of ATP is similar to intracellular levels of ATP
in highly active hypocretin neurons in the lateral hypothalamus
(Liu et al., 2011).
Our data suggest that during positive energy balance (i.e.,
HFD exposure), mitochondria in Agrp neurons fuse to enable
sustained, elevated neuronal activity to maximize storage of
excess energy in fat. The decreased activity of Agrp neurons in
mice with impaired mitochondria fusion was correlated with
resistance of these mice to fat gain during HFD. Thus, together
our observations unmasked a previously unsuspected role for
mitochondria dynamics in Agrp neurons in the regulation of
whole-body energy balance with implications for the etiology
of DIO. The effect of mitofusins was different in POMC neurons
(Schneeberger et al., 2013). This remarkable outcome, together
with the tightly coupled relationship between the melanocortin
system, feeding behavior, and perypheral energy metabolism,
offers the hypothalamic melanocortin system as a unique model
to interrogate physiological relevance of other cell biological
processes that have been identified in in vitro systems.
EXPERIMENTAL PROCEDURES
Animals and Diets
All mice were maintained in temperature and humidity controlled rooms, in a
12/12 hr light-dark cycle (lights on from 7:00 a.m.–7:00 p.m.). Food and water
were provided ad libitum unless otherwise stated. For the HFD studies, mice
were introduced to HFD when they were 9 weeks old. HFD was purchased
from Research Diets (D12451). The Institutional Animal care and Use Com-
mittee from Yale University approved all procedures.
Body Weight, Body Composition, and Follow-Up
Mice were body weighted weekly and body composition was measured
utilizing MRI (EchoMRI). After the 24th week of age, mice were bled, and in
subsequent weeks were tested in a GTT and ITT. Mice were then killed for
morphological or biochemical analyzes.
Electron Microscopy
Mice were deeply anesthetized and perfused with saline containing heparin
followed by fixative solution. Brains were postfixed in fixative solution without
gluteraldehyde (overnight at 4C, gently shaking). Vibratome sections (50 mm)
were collected in sequence, and 1:3 or 1:4 slices containing the arcuate
nucleus were used for immunostaining. After primary antibody, sections
were extensively washed, incubated, with secondary antibody (2 hr, RT),
washed again, put in avidin-biotin complex (ABC), and developed with 3,3-
diaminobenzidine (DAB). Sections were osmicated (15 min in 1% osmium
tetroxide) and dehydrated in increasing ethanol concentrations. During the
dehydration, 1% uranyl acetate was added to the 70% ethanol to enhance
ultrastructural membrane contrast. Flat embedding in Durcupan followed
dehydration. Ultrathin sections were cut on a Leica ultra microtome, collected
on Formvar-coated single-slot grids, and analyzed with a Tecnai 12 Biotwin
(FEI) electron microscope. All investigators were blinded to the experimental
groups during the entire procedure.
Mitochondria and Mitochondria-ER Quantification
Random sections containing POMC, NPY-GFP or Agrp-LACZ cells with a
visible nucleus were analyzed. A blinded investigator manually traced mito-
chondria profiles using ImageJ software. All cells were checked twice for con-
sistency. Mitochondria cross-sectional area and mitochondria aspect ratio
(AR, major axis divided by minor axis, minimum value is 1.0) were calculated.
AR was utilized as a shape descriptor. Probability plots were utilized to esti-
mate changes in mitochondria size and shape and statistical differences
were tested using Kolmogorov-Smirnov test. Mitochondria density was esti-
mated by dividing the number of mitochondria profiles by the cytosolic or
cellular areas. Mitochondria coverage was estimated by dividing the total
area of mitochondria by the cytosolic or cellular areas. Differences in
mitochondria density and coverage were tested using t test. For mitochon-
dria-ER interaction, a blinded investigator scored the number of mitochondria
in contact with ER profiles in high-magnification images (>11,0003). p% 0.05
was considered statistically significant.
Single-Cell Capture RT-PCR and Ribosome Profiling
Four-week-oldmale NPY-GFPmice were killed at the beginning of the light cy-
cle (9:00 a.m.) and the arcuate nucleuswas cut in 250 mmslices (2/mouse) con-
taining NPY-GFP neurons. Slices were transferred to incubation chamber at
room temperature, and perfused with aCSF. Slices were 1-by-1 transferred
to recording chambers in an electrophysiology setup and perfused with
aCSF at 34C. Cells (32 per mouse) were collected by suctioning the intracel-
lular content utilizing glass pipettes. The tips of the glass pipettes were broken
inside a new tube containing RLT buffer (75 ml containing b-mercaptoethanol,
QIAGEN). Samples were frozen at 80C. RNA was extracted using QIAGEN
RNeasy Micro Kit (#74004). cDNA was synthetized using QIAGEN Whole
Transcriptome Kit (#207043). RT-PCR was performed in a Roche 480
LightCycler using Taqman probes.
For ribosome profiling, Agrp-Cre mice were bred to Rpl22 floxed mice. The
protocol was in accordance to the original description of the animal model
(Sanz et al., 2009) with minor modifications. Fifty-day-old mice (from both
genders) were sacrificed and five hypothalami were pooled for each n. A total
of n = 3–4was used per group. After RNA isolation, we obtained approximately
25 ng of RNA per sample. Only samples with high enrichment for agrp and npy
were used for further gene expression analyzes.
RT-PCR of Hypothalamic Punches
Female mice were sacrificed and fresh slices of the brain (2 mm thick) contain-
ing the hypothalamus were cut and put in RNAlater stabilization reagent
(QIAGEN) for at least 2 days. Slices were removed from the solution and the
arcuate nucleus was dissected under a dissection scope. Punches were put
in RLT buffer and RNA was extracted using RNAeasy Mini Kit (QIAGEN).
cDNA was synthetized using Quantitect RT Kit (QIAGEN, #205311). RT-PCR
was performed as above.
Agrp Neuronal Projection
Brain sections were incubated in 0.2% Triton X-100 made in PB 0.1M for
30 min at room temperature. After this, sections were immediately reacted
with the primary antibody. Sections were washed thoroughly in buffer and
then reacted with the secondary antibody. Pictures of the paraventricular
nucleus at 403 magnification were then captured by confocal microscopy.
Using ImageJ software, the threshold of the black and white image was
adjusted to remove all background below a user-defined intensity. Images
were then processed with the skeletonize feature. Twenty measurements of
integrated density, within a fixed size polygon, were taken from each picture.
The maximum integrated density for each picture was recorded and then
averaged for all pictures from each brain.
Electrophysiology
Forty- to fifty-day-old mice were used for these studies. Mice were killed at the
beginning of the light cycle. For HFD-fed mice, animals were put on a HFD
when 28 days old, and recorded at least 2 weeks later. The protocol utilized
to record Agrp neurons was similar to what has been described for hypocretin
neurons in the lateral hypothalamus (Liu et al., 2011) with minor modifications.
All data were sampled at 3–10 kHz and filtered at 1–3 kHz with an Apple
Macintosh computer using Axograph 4.9 (Molecular Devices). Electrophysio-
logical data were analyzed with Axograph 4.9. Changes in firing rate were
compared using Mann-Whitney U test. Differences in the percentage of silent
neurons were tested using Fisher’s exact test. p % 0.05 was considered
statistically significant.Statistical Analyzes
Student’s t test was used to compare two groups. When parametric distribu-
tion could not be assumed, nonparametric Mann-Whitney U test was used to
test for statistical significance. One-tail or two-tail tests were based on preas-
sumed hypothesis to be tested. Specific statistical tests are described in the
sections above. p% 0.05 was considered statistically significant.SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures and
seven figures and can be found with this article online at http://dx.doi.org/
10.1016/j.cell.2013.09.004.
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